Impairments in cognitive and locomotor functions usually occur with advanced age, as do changes in brain volume. This study was conducted to assess changes in brain volume, cognitive and locomotor functions, and oxidative stress levels in middle-to late-aged rats. Forty-four male Sprague-Dawley rats were divided into four groups: 14, 18, 23, and 27 months of age. 1 H magnetic resonance imaging (MRI) was performed using a 7.0-Tesla MR scanner system. The volumes of the lateral ventricles, medial prefrontal cortex (mPFC), hippocampus, striatum, cerebellum, and whole brain were measured. Open field, object recognition, and Morris water maze tests were conducted to assess cognitive and locomotor functions. Blood was taken for measurements of malondialdehyde (MDA), protein carbonyl content, and antioxidant enzyme activity. The lateral ventricle volumes were larger, whereas the mPFC, hippocampus, and striatum volumes were smaller in 27-month-old rats than in 14-month-old rats. In behavioral tasks, the 27-month-old rats showed less exploratory activity and poorer spatial learning and memory than did the 14-month-old rats. Biochemical measurements likewise showed increased MDA and lower glutathione peroxidase (GPx) activity in the 27-month-old rats. In conclusion, age-related increases in oxidative stress, impairment in cognitive and locomotor functions, and changes in brain volume were observed, with the most marked impairments observed in later age.
Introduction
Aging is characterized by a gradual decline in the physiological functions and responses involving organs and tissues in mammals. Aging particularly affects brain functioning, and is associated with a decline in various aspects of memory such as working memory and both spatial and non-spatial memory. As age increases, a variety of changes occur, including brain atrophy, oxidative stress and reduced antioxidant defense mechanisms, contributing to impairment of learning, memory, and physical activity (Apostolova et al., 2012; Taridi et al., 2014) . Indeed, these changes are major risk factors in the most prevalent neurodegenerative diseases such as Alzheimer's, Parkinson's and Huntington's diseases (Farooqui and Farooqui, 2009) .
Rising incidence of neurodegenerative diseases in aging populations is creating a sense of urgency for understanding of structural and functional changes in aging brains. Brain volume measurements using MRI have been widely used to study aging humans, and may be useful for early detection of neurodegenerative disease (de Leon et al., 2007; Raz et al., 2010; Abedelahi et al., 2013) . Brain volume has been found to shrink over time in normal aging individuals, but such changes do not occur uniformly in all brain regions. The hippocampus, striatum, and frontal areas are among the regions most affected by age in humans (Raz et al., 2005; Peters, 2006) . Previous studies have reported that age-related effects on prefrontal volume are uniformly strong across the adult age span (Jernigan et al., 2001; Raz and Rodrigue, 2006) . Agerelated changes in the hippocampus and striatum have also garnered research attention because of their important roles in memory and locomotor control, respectively (Nakamura and Hikosaka, 2006; Apostolova et al., 2012) . Lateral ventricle enlargement is another strong biomarker of disease progression; such enlargement has been found to be associated with both aging (Sullivan et al., 2002) and neurodegenerative diseases (Gaser et al., 2004; Nestor et al., 2008; Koivisto et al., 2016) . The relationship between changes in regional brain volumes and changes in memory and locomotor performance is still unclear. A previous study using rats aged from 3 to 24 months showed a correlation between hippocampal atrophy and poor performance in memory-dependent tasks (Driscoll et al., 2006) . Since age-associated decline in cognitive and locomotor functions as well as alterations in the brain volume reportedly begins at middle age, and become worsen in later age (Scahill et al., 2003; Salthouse, 2009 ), so we used rats aged 14-27 months to cover the older age-range in rats, which is not much investigated in the literature.
Another aspect of aging that is not fully understood is the effect of redox imbalance between free radicals and antioxidant enzymes on cognitive and locomotor functioning during aging. Therefore, it seemed potentially interesting to attempt a single study to encompass a wide range of putatively causally related variables in aging, including brain morphometric changes, behavioral performance, and biochemical analyses. We investigated the effect of age on specific brain region volumes, cognitive and locomotor performance, and biochemical parameters in adult Sprague-Dawley rats. Identifying the onset of these alterations during aging may provide better understanding of the mechanisms of aging in the brain and assist in the development of treatments for neurodegenerative diseases.
Material and methods

Animals
Forty-four male Sprague-Dawley rats weighing between 600 and 800 g were housed one or two per cage at room temperature under a 12-h light/dark cycle with food and water available ad libitum. This study was approved by the Animal Care and Use Committee of Shiga University of Medical Science. The rats were divided into four age groups: 14 months (n = 14), 18 months (n = 13), 23 months (n = 7), and 27 months (n = 10). MRI measurements were obtained for rats in all four age groups. Behavioral tests were conducted one week after the completion of the last MRI measurement. Approximately 5 mL of blood was withdrawn after completion of the behavioral tests. Blood samples were used to assess MDA levels, protein carbonyl content, and antioxidant enzyme activities.
Brain volumetric analysis
MRI acquisition
Each rat was anesthetized with 2.5% isoflurane in oxygen (2 L/min) during the MRI session, and its head was secured in a head holder. The animal was wrapped with a flexible textile to prevent limb movements during the scanning process.
1 H MRI was performed on 14-, 18-, 23-, and 27-month-old rats using a 7.0-Tesla horizontal-bore MR scanner (Agilent Technologies, Santa Clara, CA, USA) controlled with an Agilent console running VnmrJ (Agilent Technologies). Radio-frequency (RF) transmission and reception were achieved with a custom-made 40 mm internal diameter volume RF coil. The correct positioning of each animal within the RF coil was confirmed through a series of scout images. The spin-echo images were acquired using the following parameters: repetition time (TR) = 2500 ms, echo-time (TE) = 50 ms, field of view (FOV) = 30 × 22.5 mm, matrix size = 128 × 96, scan time = 32 min and 5 s, and sixteen 1 mm-thick slices.
Volume analysis of regions of interest
The MR brain scans were exported from VnmrJ (Agilent Technologies) to ImageJ (NIH, Bethesda, MD, USA) for further analysis.
Each image was viewed at 1920 × 2560 pixels for measurement. Sagittal and axial scout images were used as controls to properly aligned each image, and horizontal sections of each image were used for brain volume measurement. The regions of interest (ROIs), including the medial prefrontal cortex (mPFC), hippocampus, striatum, lateral ventricle, cerebellum, and whole brain, were manually outlined for each rat by reference to a brain atlas (Paxinos and Watson, 2014) . The ROIs were delineated by two raters (H.S.H. and L.W.D.) blinded to the experimental groupings. The inter-rater reliability of the slices of each ROIs was measured with intraclass correlation coefficient (r icc ) using SPSS, version 16.0 (SPSS Inc., Chicago, USA). The open field test was conducted in a gray circular chamber (100 cm diameter and 40 cm height). Each rat was placed into the open field chamber for 5 min. Locomotor activity was recorded during the experiment. The number of line crossings, duration of movement, number and duration of rearing, number of center entries, and time spent in the center were analyzed using the computerized video tracking system CompACT VAS Ver.3.0 × (Muromachi Kikai, Tokyo, Japan).
Object recognition task
The object recognition task was completed over 5 consecutive days in a gray circular chamber (100 cm diameter and 40 cm height) according to a previous study with modifications (Liu et al., 2004) . The experiment consisted of three stages: habituation (days 1-2), reaction to a novel object (day 3), and reaction to displaced objects (days 4-5).
Behavior was recorded during each phase of the experiment. The rats were moved to the testing room at least 30 min prior to the test for acclimation. In phase 1, the rat was placed into a chamber containing four objects of similar size (4 cm × 5 cm). The rat was allowed to explore the objects for 5 min. Next, the rat was removed from the chamber and left to rest for 30 min in a holding box. All objects and the chamber were wiped clean with 70% alcohol at the start of each session. In phase 2, the rat was placed back into the chamber. After 5 min, the rat was returned to its home cage. This test procedure (phases 1 and 2) was repeated on day 2. On day 3, one of the familiar objects was replaced by a novel object during phase 2. The times spent exploring the novel and familiar objects were recorded. The tests for both sessions on day 4 were similar to habituation on days 1 and 2. However, in phase 2 of day 5, the locations of two of the objects were swapped, to test for reactions to the change. The time spent exploring the displaced and non-displaced objects was recorded. Object exploration was defined as when the rat's nose was within 2 cm of the object, but not when the rat was sitting on the object or circling around it (Liu et al., 2004) . In order to exclude positional biases, the locations of all objects were counterbalanced within and between groups.
Morris water maze task
The Morris water maze task was conducted using a gray circular pool (150 cm diameter and 45 cm height) filled with water to a depth of 25 cm. The water temperature was maintained at 20 ± 1°C. The water was made opaque with black non-toxic poster paint. The pool was divided into four equal quadrants. A transparent circular platform (12 cm diameter) was positioned 2 cm below the water surface at the center of one of the quadrants. A video camera was mounted overhead to Experimental Gerontology 99 (2017) 69-79 monitor the swimming activity of each rat. The camera was connected to a computer equipped with the same software used for the open field test. The Morris water maze task was completed over 8 consecutive days according to a previously described method with modifications (Liu et al., 2004) . This test was conducted in a room with various distal cues and a 60 W bulb was located on the floor facing up to the ceiling. For the first six days, the rat was trained to find the position of a fixed, hidden platform (2 cm below the water surface). The rat was placed into the pool facing the wall and allowed to search for the hidden platform for a maximum of 60 s. Once the rat reached the platform, it was allowed a 10-s rest period on the platform to allow for orientation to the visual cues around the pool. If the rat was unsuccessful at finding the platform, it was given a score of 60 s and then manually placed on the platform for 10 s. Next, the rat was removed Fig. 1 . Late-aged rats exhibit increased lateral ventricle volume and decreased mPFC, hippocampus, and striatum volume. These are the mean volumes of the (A) lateral ventricle, (B) mPFC, (C) hippocampus, (D) striatum, (E) cerebellum, and (F) whole brain in rats aged 14, 18, 23, and 27 months. Data are presented as the mean ± SD. *indicates a significant difference between groups: *p < 0.05, **p < 0.01. (G) Representative horizontal views of rat brains scanned using a 7.0-Tesla MR scanner system. Brain images were viewed using ImageJ software at 1920 × 2560 pixels.
from the platform, dried with a clean towel, and placed in a holding box for 120 s. This test was repeated for a total of 6 trials per day. After completion of the place navigation task during days 1-6, the platform was removed for the probe test on day 7. During the probe test, the rat was released into the water at a fixed starting point. The rat was allowed to swim freely in the water for 60 s. The number of platform-location crossings and duration of time spent in the target quadrant were measured. The cued navigation (visual platform) test was completed on day 8. The platform was raised 2 cm above the water surface and moved to a novel quadrant, the visual cues were removed, and the rat was permitted to swim to the visible platform for 60 s. Each rat underwent 6 trials per day.
Biochemical analysis 2.4.1. Blood sample collection
Rats were sacrificed on the next day after completion of the behavioral tests. The rats were anesthetized with inhaled isoflurane (10 mL) prior to blood collection. Approximately 5 mL of blood was withdrawn from the rats by cardiac puncture, and rapidly transferred into lithium heparin-coated containing tubes (BD Vacutainer, Becton, Dickinson and Company, Franklin Lakes, NJ, USA) to prevent blood clotting. Then, the blood sample was separated into plasma and erythrocytes by centrifugation at 3000 rpm for 10 min at 4°C. Plasma was collected for malondialdehyde (MDA) and protein carbonyl content analysis. The obtained erythrocytes were washed three times with 0.9% ice cold sodium chloride solution. The washed erythrocytes were used for determination of antioxidant activity of GPx, SOD and CAT.
Malondialdehyde (MDA) analysis
Analysis of MDA in rat plasma was completed using ultra-performance liquid chromatography (UPLC) (Waters Corporation, Milford, MA, USA) according to a previously described method with modifications (Sim et al., 2003) . 1,1,3,3-tetraethoxypropane (Sigma-Aldrich, St. Louis, MO, USA) was used as a standard. The mobile phase was prepared with a mixture of 0.2% acetic acid (Merck, Darmstadt, Germany) in ultrapure water (Merck Millipore, Billerica MA, USA) and acetonitrile (liquid chromatography grade) (Merck, Darmstadt, Germany) at a ratio of 62:38. The UPLC system consisted of a programmed solvent delivery system at a flow rate of 0.4 mL/min, photodiode array detector set at a wavelength of 310 nm and reverse-phase Acquity UPLC® BEH C 18 , 1.7 μm, 2.1 mm × 50 mm column (Waters Corporation, Milford, MA, USA). Briefly, 50 μL of plasma sample was added to 200 μL of 1.3 M sodium hydroxide (Merck, Darmstadt, Germany). Then, the sample was incubated at 60°C for 1 h, and cooled on ice for 5 min. After incubation, 100 μL of 35% perchloric acid (Merck, Darmstadt, Germany) was added, and the mixture was centrifuged at 10,000 ×g for 10 min (4°C). Three-hundred microliters of the supernatant was then added to 12.5 mL of 5 mM 2,4-dinitrophenylhydrazine (Sigma-Aldrich, St. Louis, MO, USA). Derivatization of MDA with 2,4-dinitrophenylhydrazine provides more precise and specific estimation of the MDA compound in the plasma sample during the separation using UPLC (Pilz et al., 2000) . The derivatized plasma sample was incubated for 30 min at room temperature before being injected into the UPLC system. MDA content in plasma samples was identified by comparing the retention time of the sample with the known standard. The retention time for MDA in the sample was 2.6 min, allowing for a complete chromatographic run every 5 min (Supplementary 1). The MDA concentrations were calculated using the peak area of the external standards as a reference, and values obtained from the calibration curves are expressed in nmol/mL. All samples were assayed at the same time.
Protein carbonyl content
Protein carbonyl content in rat plasma was determined using a commercial Protein Carbonyl Colorimetric Assay Kit (Cayman, Ann Arbor, MI, USA). Absorbance was measured at a wavelength between 360 and 385 nm using a Tecan UV-Vis microplate reader (Model Infinite F200 with i-Control acquisition software 1.3). The results are presented as nmol/mL.
Antioxidant enzyme activity
The activities of the antioxidant enzymes glutathione peroxidase (GPx), catalase (CAT), and superoxide dismutase (SOD) were determined in rat erythrocytes using a Glutathione Peroxidase Assay kit (Cayman, Ann Arbor, MI, USA), Catalase Assay kit (Cayman, Ann Arbor, MI, USA), and Superoxide Dismutase Assay kit (Cayman, Ann Arbor, MI, USA), respectively. Absorbance was measured at a wavelength of 340 nm, 540 nm, and 440-460 nm for each respective assay using a Tecan UV-Vis microplate reader. The results are presented as μmol/min/mL for GPx and CAT activity. SOD activity is presented as U/ mL.
Statistical analysis
The statistical analysis was conducted using GraphPad Prism 5 (GraphPad Software; La Jolla, CA, USA). Data were presented as the mean ± standard deviation (SD). Statistical significance was determined by one-way or two-way repeated measures analysis of variance (ANOVA) followed by Bonferroni post hoc tests for multiple comparisons. Student's t-tests were used to compare novel and familiar objects as well as displaced and non-displaced objects within each group.
In order to see the associations between brain volume, behavioral performance and age, the analysis was performed in three steps. First, to examine the relationship between brain volume and behavior (Table 1) , we conducted a linear regression analysis by treating the behavioral performance as a dependent variable, while the volume of each brain region was considered as an independent variable. Next, data for brain volume and behavior were subjected to a correlation analysis to determine the association between each variable with age (Table 2) . Data for oxidative status was also subjected to a correlation analysis (Table 3 ) to see the association between age and oxidative status. Finally, to further explore the interaction of age and brain volumes and its relation to behavioral performance (Table 4) , we performed a multiple regression analysis. The behavioral performance was treated as a dependent variable, while age and brain volume were considered as independent variables.
Results
Age-related effects on brain volume
Rat brain imaging was performed using a 7.0-Tesla horizontal-bore MR scanner (Unity Inova; Agilent Technologies, Santa Clara, CA). This method provided sufficient resolution of brain structures to determine the volume of the lateral ventricle, mPFC, hippocampus, striatum, cerebellum, and whole brain. All slices of each ROI were delineated by two raters for the sake of reliability. The r icc values were listed in Supplementary 2. The values were between 0.53 and 0.99.
We found that the eldest rats (27 months of age) had the larger lateral ventricle volume (p < 0.05; Fig. 1A ) compared to the youngest group (14 months of age). However, no significant change was observed in the 18 and 23 months groups. In contrast, the 27-month-old Fig. 3 . Working memory declined with age. Object recognition parameters were measured as the time spent exploring the (A) novel object and (B) displaced objects in rats aged 14, 18, 23, and 27 months. Data are presented as the mean ± SD. *indicates a significant difference between groups: *p < 0.05; **p < 0.01; ***p < 0.001.
# indicates a significant difference within each age group: ## p < 0.01.
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group also showed the smallest volume in the mPFC (p < 0.01; Fig. 1B ), hippocampus (p < 0.01; Fig. 1C ), and striatum (p < 0.05; Fig. 1D ). However, the cerebellum (Fig. 1E ) and whole brain (Fig. 1F ) volume was not affected by age. Representative images of a rat brain scanned using the 7.0-Tesla MR scanner system are shown in Fig. 1G .
3.2. Age-related effects on behavioral performance 3.2.1. Open field test After MR scanning, open field tests were performed to assess the locomotor activity and exploratory behavior of rats. The eldest rats (27-months-old) showed fewer line crossings when compared with rats 14 months of age (p < 0.01; Fig. 2A ). The duration of movement (Fig. 2B), rearing (Fig. 2C) , and duration of rearing (Fig. 2D) were not significantly different among groups. The number of center entries decreased in 18-and 27-month-old rats when compared with rats 14 months of age (p < 0.01; Fig. 2E) ; however, no significant difference in the duration of time spent in the center was observed (Fig. 2F) . The representative paths traveled by rats at each age are shown in Fig. 2G. 
Object recognition task
Object recognition tasks were used to investigate age-related changes in working memory. Rats were introduced to a novel object after 2 days of habituation. The total time spent exploring the novel object was shorter for 23-and 27-month-old rats than for rats 14 and H.S. Hamezah et al. Experimental Gerontology 99 (2017) 69-79 18 months of age (p < 0.01; Fig. 3A ), so the older rats seem less interested in exploring objects. However, there were no significant differences in the total time spent exploring novel and familiar objects within each age group (Fig. 3A) . Next, the locations of two out of the four objects were diagonally swapped in order to challenge the rats with the displacement. The lateaged rats (27 months of age) spent less time exploring the displaced objects when compared with 14-and 18-month-old rats (p < 0.001; Fig. 3B ). The 23-month-old rats also spent less time exploring the displaced objects when compared with the youngest age group (p < 0.05; Fig. 3B ). When the total time spent exploring the displaced and nondisplaced objects within each age group were compared, only the youngest group (14 months of age) spent significantly longer time exploring the displaced objects than the non-displaced objects (p < 0.01; Fig. 3B ).
Morris water maze task
The spatial memory and learning of rats were evaluated using the Morris water maze. This task consisted of three stages: place navigation (days 1-6), probe test (day 7), and cued navigation (day 8). In the place navigation task, late-aged rats (27 months of age) took longer times to reach the hidden platform than did the 14-and 18-month-old rats (p < 0.01; Fig. 4A ). The eldest rats also traveled longer distances to reach the platform when compared with 14-month-old rats (p < 0.05; Fig. 4B ). The probe test revealed no significant difference in the time spent in the target quadrant (Fig. 4C) . However, a smaller number of platform crossings was observed in the 27-month-old rats when compared with rats 14 months of age (p < 0.01; Fig. 4D ). Next, we evaluated the ability of rats to swim to a visible platform in the cued navigation task, in order to identify gross any visual deficits that might influence performance in the memory tasks. There was no significant difference among groups in escape latency (Fig. 4E ) or distance traveled (Fig. 4F ) to reach the visible platform. This result indicated that the rats had intact vision. Therefore, the difficulties of the late-aged rats in finding the hidden platform during place navigation task is presumably due largely to memory impairment. Representative paths traveled Fig. 5 . Late-aged rats exhibit increased oxidative stress. Oxidative stress biomarkers included the (A) plasma MDA level and (B) protein carbonyl content in rats aged 14, 18, 23, and 27 months. MDA was significantly increased in late-aged rats when compared with 14-and 18-month-old rats. Protein carbonyl content did not differ between groups. Data are presented as the mean ± SD. *indicates a significant difference between groups: *p < 0.05. Fig. 6 . Antioxidant enzyme GPx activity was decreased in late-aged rats. Antioxidant enzyme activities were measured by (A) glutathione peroxidase (GPx), (B) catalase (CAT), and (C) superoxide dismutase (SOD) activity in rats aged 14, 18, 23, and 27 months. GPx activity was decreased in rats aged 23 and 27 months when compared with 14-month-old rats. No significant difference in CAT and SOD activities between groups was observed. Data are presented as the mean ± SD. *indicates a significant difference between groups: *p < 0.05. Experimental Gerontology 99 (2017) 69-79 during the probe test are shown in Fig. 4G .
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Age-related effects on oxidative status
Aging results in an imbalance between free radicals and antioxidants (Poljsak et al., 2013) . Therefore, the present study assessed age-associated alterations in MDA, protein carbonyl content, and antioxidant enzyme activity (GPx, CAT, and SOD). MDA levels in the eldest rats were significantly higher when compared with rats 14 and 18 months of age (p < 0.05; Fig. 5A ), indicating that oxidative stress increased with age. No significant change was observed in protein carbonyl content with age (Fig. 5B) . GPx activity decreased with age (p < 0.05), as shown by the comparison of rats aged 23 and 27 months with rats 14 months of age (Fig. 6A) . CAT (Fig. 6B) and SOD (Fig. 6C ) activity were unchanged.
Correlations between age, brain volume, behavior, and oxidative status
The relationship between brain volume and locomotor activity in the open field, object recognition, and Morris water maze performance was analyzed using a linear regression analysis. Only significant correlations were shown in Table 1 . First, brain volume and behavioral performance were tested with independent of age effect. Second, we analyzed the relationship between age and brain volume, locomotor activity, memory, and oxidative status. We found alterations in the volumes of specific brain regions, behavioral performance, and oxidative status correlated with age. Significant correlations between age and brain volumes, and behavioral performance are shown in Table 2 . Meanwhile, correlations between age and oxidative status are shown in Table 3 .
Third, we investigated the variables (age, brain volume, and behavioral performance) in a single mathematical model. The results revealed that the interaction between age and brain volume were only significant in striatum (regression coefficient = −0.287; p = 0.030) and cerebellum (regression coefficient = −0.112; p = 0.015) with escape latency, and also cerebellum with swimming distance (regression coefficient = − 1.455; p = 0.044) and time in target quadrant (regression coefficient = 0.068; p = 0.029), respectively. The age-related changes in the other brain regions volume were not significantly related with the behavior performance (Table 4) .
Discussion
The present study described age-related changes in brain structures in middle-aged (14 months old) and late-aged (27 months old) rats. We found an age-dependent decrease in the volume of the mPFC, striatum, and hippocampus and an increase in lateral ventricle volume. This is consistent with reports of an age-related decline in the volume of the prefrontal cortex (Raz et al., 1997; Jernigan et al., 2001; Raz and Rodrigue, 2006) , hippocampus (Schuff et al., 1999; Driscoll et al., 2003) , and striatum (Gunning-Dixon et al., 1998; Raz et al., 2003; Abedelahi et al., 2013) as well as enlargement of the lateral ventricle (Sullivan et al., 2002; Apostolova et al., 2012) . Ventricular enlargement, which is commonly observed in neurodegenerative disorders and aging in human, results from brain parenchymal shrinkage and is strongly correlated with a decline in cognitive performance (Nestor et al., 2008; Chou et al., 2009) . The vital roles of the mPFC and hippocampus in cognition as well as the striatum in movement control have been extensively reported (Euston et al., 2012; Kravitz and Kreitzer, 2012; Preston and Eichenbaum, 2013) . Therefore, we investigated the effects of age on animal behavior to obtain a functional perspective of these brain structures.
Based on rodents' natural tendency to explore novel environments, the open field test was conducted to assess locomotor activity, exploration, and anxiety (Schmitt and Hiemke, 1998) . Late-aged rats showed minor impairments in movement and higher anxiety levels as shown by a reduction in line crossings ( Fig. 2A ) and center entries (Fig. 2E) in the open field. Even though movement duration, rearing duration and number, and time spent in the center were not significantly altered in late-aged rats, these parameters did seem to decrease with age.
Object recognition was evaluated to assess the rat's ability to discriminate between novel and familiar objects and displaced and nondisplaced objects; this too was exploits rodents' tendency to explore novelty (Ennaceur and Delacour, 1988) . In the present study, 23-and 27-month-old rats showed less time in exploring both the novel object and displaced objects relative to the 14-and 18-month-old rats. However, no significant differences were observed when we compared the rat's ability to distinguish between novel and familiar objects within each age group. Our finding contradicts some studies in rats that reported aging does not affect memory involved in novel object recognition (Cavoy and Delacour, 1993; Lukaszewska and Radulska, 1994; Liu et al., 2004) . In this study, we used a circular chamber (100 cm diameter, 40 cm height) that was larger and different in shape compared to the experimental chamber used in a previous study (Liu et al., 2004) . A large arena can cause stress in rats due to the extensive novel environment and may lead to poorer test performance (Platano et al., 2008) . The types of apparatus and objects, as well as the time interval between the training and testing phase, can also affect the sensitivity of the task to detect age-related impairments in working memory (Antunes and Biala, 2012; Vogel-Ciernia and Wood, 2014) . A study that assessed working memory using a water maze reported no significant effect of age with a 30-min delay between the training and testing phases but found a significant difference between middle-aged and aged rats with 2-and 6-h delays (Bizon et al., 2009 ).
In the displaced objects task, 14-month-old rats spent more time exploring displaced objects than non-displaced objects. Thus, even though 14-month-old rats could not distinguish between novel and familiar objects, their working memory related to object place recognition was preserved. The hippocampus and prefrontal cortex play a major role in object-in-place memory in rodents (Barker and Warburton, 2011; Morici et al., 2015) , and plasticity at hippocampalprefrontal cortex synapses modulates the transfer of spatial information from the hippocampus and prefrontal cortex (Seamans et al., 1998; Gurden et al., 2000) . Age-dependent impairment in the ability of rats to recognize familiar object displacement may result from dysfunction in components that mediate responses to object-in-place memory.
Late-aged rats also showed significant cognitive impairment, as observed in the Morris water maze test. Rats 27 months of age spent more time and traveled a greater distance to reach the hidden platform than 14-month-old rats did. The probe test, which assesses spatial memory, showed that late-aged rats performed less well at remembering the exact location of the platform, as evidenced by the smallest number of platform crossings. However, there was no significant difference in the time spent in the target quadrant, suggesting that the 27-month-old rats remembered which quadrant contained the hidden platform. This result is consistent with the previous studies that reported a poorer performance of aged rats in the Morris water maze task (Frick et al., 1995; Liu et al., 2004; Taridi et al., 2014) .
The excessive production of free radicals, which causes an imbalance between the levels of free radicals and antioxidant defenses in an organism, is proposed to be responsible for age-associated structural and functional deterioration. Antioxidant enzymes, such as GPx, CAT, and SOD, are among the first line of defense against oxidative damage (Rodrigo, 2012 ). In our current study, we found an age-related decrease in GPx activity, whereas CAT and SOD activities were unchanged. Previous studies reported conflicting evidence as to how antioxidant enzyme activities change with age. One study reported increased CAT and decreased SOD activity, but no alteration in GPx activity (Taridi et al., 2014) . Another study reported that CAT and SOD activity were unchanged with age, whereas GPx activity increased (Sahhugi et al., 2014) . Nevertheless, our finding is in accordance with a number of studies that reported a decrease in GPx activity with age (Kasapoglu and Özben, 2001; Espinoza et al., 2008; Singh et al., 2009; Okoduwa et al., 2015) . Some studies suggest that an age-dependent decrease in GPx activity is accompanied by a significant increase in lipid peroxidation (Singh et al., 2009; Okoduwa et al., 2015) . The reduction of hydrogen peroxide is catalyzed by GPx using glutathione as a substrate, thereby protecting cells against oxidative stress (Nakazawa et al., 1996) . Thus, reduced GPx activity with age may decrease antioxidant defenses and render tissues more susceptible to lipid peroxidation damage (Raes et al., 1987) . This hypothesis is supported by our current finding that MDA levels were higher in late-aged rats (27-months-old) than in middle-aged rats (14-months-old). MDA, a frequently used indicator of lipid peroxidation, has been reported to increase with age (Kasapoglu and Özben, 2001; Sahhugi et al., 2014; Taridi et al., 2014) .
We completed a regression analysis of brain volume measurements with animal behavioral performance, independent of age, in the locomotor, exploratory, and memory-dependent tasks, and found that volume-changes in the lateral ventricles, hippocampus, and striatum were associated with deterioration of locomotor activity, exploratory behavior, and memory. This finding provides evidence that brain atrophy may impair locomotor and cognitive functions in rats.
In order to see either changes in the brain volume with age give any significant impact on behavioral performance, we further analyzed the data of these variables in a single mathematical model by multiple regression analysis. With aging, only striatum and cerebellum volume changes were significantly related to the poor performance in Morris water maze task. Previous studies reported that lesions or damage in cerebellum and striatum were shown to impair Morris water maze performance (Lalonde and Strazielle, 2003; Pooters et al., 2017) . Therefore, we did not reject the possibility that cerebellum and striatum were also important regions for cognition. Striatal and cerebellar atrophy may cause disturbance at fine movements and affect the animal's behavior.
Conclusion
The current study demonstrated both locomotor and cognitive deficits in aging. The most marked impairment was observed in late-aged (27 months old) rats when compared with middle-aged (14 months old) rats, which included atrophy of the mPFC, hippocampus, and striatum, and increased lateral ventricle volume. Increased oxidative stress and changes in antioxidant enzyme activity were also among the apparently causative factors of aging.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.exger.2017.09.008.
